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The lasers diodes (LD) experiencing external optical feedback are known to demonstrate 
complex dynamics, which may give rise to negative effect on the LD performance, e.g., 
degrading the modulation response characteristics, enhancing laser intensity noise, etc. 
Meanwhile, such external optical feedback effect in an LD also enables many 
applications, e.g., a class of laser interferometry, termed optical feedback interferometry 
(OFI) or self-mixing interferometry (SMI). As a promising non-contact sensing 
technology, OFI has attracted intensive research in recent decades due to the merits of 
minimum part-count scheme, low cost in implementation and ease in optical alignment. 
In general, the LD operates at a steady state if undergoing a weak level optical feedback 
from the target. Various OFI-based sensing applications have been reported for such 
weak optical feedback scenario, including measurement of displacement, velocity, 
vibration, laser related parameters, thickness, mechanical resonance, etc. Recently, OFI 
based sensing has been extended to other areas, such as imaging, material parameters 
measurement, near-field microscopy, chaotic radar, acoustic detection, biomedical 
applications etc. With the increase of the optical feedback level, an LD will leave the 
steady state and enter other operational states such as period-one (P1) oscillation, multi-
periodic oscillation and chaos, and rich dynamics can then be observed. In recent years, 
LD dynamics have been investigated and found their various potential applications in 
optical communications, defence and security, and detection. In this thesis, we focus on 
enhancing the sensing capability of the OFI system through proposal of new physical 
configurations and investigation on the LD dynamic.  
 
In Chapter 2, a dual-cavity OFI system is investigated to address the issue of sensitivity 
 
 
degradation associated with an OFI sensing system due to the weak optical feedback of 
the target. Following the principle of the single-cavity OFI model, a theoretical model 
for the dual-cavity OFI is derived from the steady state solutions of the dual-cavity L-K 
equations. A mathematic expression of the signal enhancement is obtained, elaborating 
how the feedback strength of the control target and the control cavity length influence 
the enhancement. The results show that the second cavity can effectively improve the 
sensing sensitivity without any physical changes on the target to be measured.  
 
Chapter 3 presents theoretical analysis on OFI systems by investigating into the validity 
of both L-K equations and the OFI model. Traditionally, existing OFI model was derived 
based on an assumption that the system operates in stable state. With the changes of 
system parameters, an OFI system can leave the steady state, entering other states and 
exhibits complicated dynamics, which cannot be described by existing OFI model. In 
order to tackle this problem, we carried out simulations on the behaviours of L-K 
equations with respect to variations of a set of system parameters. The results are 
presented as a bifurcation diagram, showing both dynamic states and optical feedback 
regimes. Base on the bifurcation diagram, the operational state of an OFI can be further 
classified into five regions. In each of the regions, the OFI signals generated from both 
L-K equations are simulated and compared with that from the OFI model. Such study on 
the validity of OFI model and L-K equations provide a guidance on applying appropriate 
models when designing OFI based sensing system. In this chapter, we also present a new 
sensing scheme making use of laser dynamics associated with a dual-cavity OFI system 
to improve the sensing sensitivity. The second cavity is used to control the laser dynamics 
and ensure the LD operates at P1 state. While operating on P1 state, the laser intensity 
 
 
exhibits an oscillation with its amplitude modulated by an OFI signal that generated the 
LD with a single cavity operating at steady state. It is observed that the modulation depth 
is remarkably larger than the magnitude of the single-cavity OFI signal. This implies that 
a dual-cavity OFI system is able to produce a sensing signal at much higher signal-to-
noise ratio (SNR) in contrast to the single-cavity OFI system. By adjusting the feedback 
strength, the system can be set to operate at an optimal working point for sensing and 
measurement. Such a superior characteristic of the dual-cavity OFI enable us to extend 
the application to a displacement measurement. A new approach to achieve a sub-
nanometre scale displacement sensing is also proposed, which is based on a fringe sub-
division algorithm that utilizes the high frequency component of the laser intensity signal 
and a signal processing technique in the time-domain. 
 
In Chapter 4, we presented a novel technique for the measurement of the linewidth 
enhancement ( ) factor using the relaxation oscillation (RO) frequency of the LD. Based 
on the fact that the RO frequency of a laser can be changed by external optical feedback, 
we investigated the relation between the RO frequency and   factor and presented three 
methods for the measurement of  . In the proposed methods,    can be determined by 
the RO frequencies only, without needing to know any other internal or external 
parameters associated with the LD. The methods do not require the external target to 
move in a symmetric reciprocate manner and they do not rely on analysis the OFI 
waveform. As the RO can be observed in many types of lasers, the proposed methods are 
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Chapter 1. Introduction 
 
 Background 
The lasers diodes (LDs) experiencing external optical feedback are known to demonstrate 
complex dynamics, it is conceptually interesting as they unveil new and unexpected 
behavior of the optical system. This phenomenon was first reported in the late 1960s [1]. 
It was found that if a small proportion of the output beam from a gas maser is reflected 
back into it by an additional external mirror, then as the phase of the returned radiation 
changes through 2 , i.e. as the mirror moves through half a wavelength, the intensity of 
oscillation within that maser is modulated through one cycle. It was noted that it can 
provide useful information on the fundamental physics of semiconductor lasers, and the 
feedback induced fast intensity modulation might even be useful for optical 
communication systems [2, 3]. However, through the 1970s, 1980s and even in early 
1990s, the optical feedback induced dynamics was predominantly regarded as a nuisance 
to applications. A significant motivation to study this effect was to find ways to avoid or 
control them, and to some extent they still do [4-8]. The reason is that the instability-
induced intensity “noise” is much larger than the quantum noise in these lasers. Such 
enhanced intensity fluctuations were identified to have seriously deteriorating effects, 
particularly when they fell within the signal bandwidth, and therefore limited the 





Nevertheless, the positive aspects of optical feedback induced dynamics were seen when 
consideration was given to the spectral properties of semiconductor lasers. The 
mechanisms for mode selection in semiconductor lasers represent a continuing area for 
fundamental investigation which has long antecedents in the pioneering work of Bogatov 
et al. [10]. External feedback was shown to enhance longitudinal mode selection and 
hence could be useful in narrowing the emission spectrum of semiconductor lasers [11]. 
The intimate connections between the dynamics and spectra of semiconductor lasers were 
identified in early work [12] and remain an ever-present theme in the development of 
semiconductor lasers [13]. Another positive aspect is the response of optical feedback in 
semiconductor lasers can be either sensed via the laser terminal voltage [14] or observing 
the laser output intensity, thus encapsulate information about the external cavity and the 
optical properties of the target. This has led to the discovery of a new class of laser 
interferometry, named Optical Feedback Interferometry (OFI).  
 Optical Feedback Interferometry (OFI) 
Optical Feedback Interferometry (OFI), also called Self-Mixing Interferometry (SMI) is 
a promising non-contact sensing technique. Since the first demonstration in 1963, the 
research on the optical feedback has been carried out under many names, induced-
modulation [15], back-scatter-modulation [16], self-coupling [17], and autodyning [18], 
to name a few. The OFI is based on the optical feedback effect which is the mixing of the 
intra-cavity electromagnetic wave with an emitted electromagnetic wave reinjected into 
the laser cavity after interaction in the external cavity. Such effect can cause perturbs to 




spectrum, bandwidth, junction voltage. The optical feedback effect is a remarkably 
universal phenomenon, occurring in lasers regardless of type. Among others, the effect 
has been reported in gas lasers [1], semiconductor diode lasers [4, 17, 19], vertical-cavity 
surface-emitting lasers (VCSELs) [20, 21], mid-infrared [22, 23] and terahertz quantum 
cascade lasers (THz QCLs) [24, 25], interband cascade lasers [26, 27], fiber and fiber ring 
lasers [28-30], solid-state lasers [31, 32], microring lasers [33, 34], and quantum dot lasers 
[35, 36]. 
 
The basic structures of a typical OFI is depicted in Fig. 1.1. For an OFI system, a 
photodiode (PD) is packaged in the rear of the laser diode (LD), the whole unit acts both 
as the source and the detector, therefore, only one optical path is needed. Due to the 
optical feedback effect, the modulated laser intensity known as the OFI signal is captured 
by the PD and displayed on the oscilloscope.  
 
The advantages of OFI-based sensing scheme are summarized as below [20, 37, 38]: 
 Optical part-count is minimal. No extra optical interferometer external to laser 
source is needed, leading to a compact and part-count-saving set-up. 
 The OFI signal can be achieved at anywhere on the light path. 
 Very weak external optical feedback, e.g. less than 0.1% of the laser emitting 
intensity, is sufficient to cause optical feedback effect, which means OFI 
technology is applicable for rough diffusive surfaces. 
 Sensitivity is high. The resolution of half laser wavelength ( / 2laser  ) can be 







Fig. 1.1: Schematic diagram of Optical Feedback Interferometry system 
Due to OFI system’s merits of minimum part-count scheme, low cost in implementation 
and ease in optical alignment, various OFI-based applications have been developed in the 
industrial and laboratory environment, which can be classified as below:  
 Metrology: angle [39-41], balance [42], absolute distance [43-46], displacement 
[47-51], velocity [52-56], vibration [57-60], etc.  
 Physical quantities: mechanic resonance [61], thickness [62, 63], temperature 
[64, 65], refractive index [66], roughness [67, 68], strain [69, 70], Young’s 
modulus [71, 72], etc. 
 Laser parameter: laser linewidth [73-75] , linewidth enhancement factor [76-81].  
 Sensing: acoustic emission sensor [82, 83], biological motility [55, 84], 
CD/scroll sensors [85], confocal microscopy sensor [86, 87], remote echoes 
sensors [88], etc. 




 Sensing Theory of OFI 
1.3.1. Lang and Kobayashi Equations 
The mathematic model for describing the LD with optical feedback was first studied by 
the Nobel Prize laureate Wills E. Lamb and Martin B. Spencer. They carried out an 
analysis based on the slowly varying approximation of field amplitude E  and phase   of 
the oscillating field, the model is now called Lamb’s equations. They are well suited to 
Class A lasers such as gas and crystal lasers, in which E  and   are decoupled from the 
density of state N  [93], whereas in a semiconductor laser (Class B), a third equation is 
added to describe N  and its dependence on E  and  . This modification of Lamb’s 
equations are known as the Lang and Kobayashi (L-K) equations. Lang and Kobayashi 
focused on the aspects of the basic physics of semiconductor laser which were likely to 
lead to complex behaviour under conditions of external feedback, such as broad gain 
spectrum, temperature dependence of material refractive index, carrier-density 
dependence of the refractive index. In their publication [94], the L-K equations for a 
single-mode laser described the time evolution of the complex optical field and the 
carriers. They included the influence of the optical feedback by considering the 
interference of the laser field with its own coherent delayed field that had propagated once 
through the external cavity. The L-K equations describe the electric field amplitude ( )E t
, electric field phase ( )t  and carrier density ( )N t  as following, 
    0
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dN t J N t
G N t E t E t
dt eV 
     (1.3) 
( )t  is given by 0( ) [ ( ) ]t t t    , where ( )t  is the instantaneous optical angular 
frequency for an LD with optical feedback, 0  is the unperturbed optical angular 
frequency for a solitary LD. 20[ ( ), ( )] [ ( ) ][1 ( )]NG N t E t G N t N E t     is the modal gain  
per unit time. The LD’s intensity or output power is denoted by 2( ) ( )I t E t . The 
physical meanings of the symbols appearing in Eq.(1.1)-Eq.(1.3) and the values of the 
parameters used in this thesis can be found in Table 1-1, which is adopted from [95, 96], 
Table 1-1: Physical meanings of the symbols in the L-K equations 














NG  Model gain coefficient 13 3 18.1 10 m s 
0N  Carrier density at transparency 24 31.1 10 m  
  Nonlinear gain compression coefficient 23 32.5 10 m  
  Confinement factor 0.3  
p  Photon lifetime 122.0 10 s  
s  Carrier lifetime 92.0 10 s  
in  Internal cavity round-trip time 128.0 10 s  
e  Elementary charge 191.6 10 C  
V  Volume of the active region 16 31 10 m  
0  
Unperturbed optical angular frequency of a 
laser diode, 0 02 /c   , where c  is the 
speed of light, 0  is the wavelength of the 
LD 
 















s J  Injection current  
  Feedback strength  
L  External cavity length  
  
Light round-trip time in the external cavity, 
2 /L c   
 




1.3.2. Mathematical Model of an OFI system 
1.3.2.1. Derived from the Three-Mirror model 
In order to analyse the behavior of an OFI system, researchers have proposed different 
system models. In 1988, Petermann [97] presented an Three-Mirror model, which shows 
that the basic structure of an OFI system can be elegantly illustrated by the three-mirror 
setup.  
 
Fig. 1.2: Three-Mirror model of an OFI 
As shown in Fig. 1.2, the internal laser cavity is formed a rear facet mirror M  and a rear 
facet mirror M  with length inL . The laser intensity amplitude reflectivity of M  and 
M  is r  and r  respectively. The target in the external cavity is illustrated as the third 
mirror M   which has an amplitude reflectivity of r . The external cavity length L  is the 
distance between M   and M   . The Three-Mirror model assumed the LD is a Fabry-
Perot type laser, the OFI system can be simplified to a laser diode with M  and M   as 
shown in Fig. 1.3 [97]. 
 




Assuming 2 3 1r r  , i.e. multi-reflection within the external cavity is neglected. Then, the 
equivalent amplitude reflectivity effr  of 3M  can be expressed as [97, 98]: 
  22 2 3= 1eff sj jeff effr A e r r r e         (1.4) 
Where s  the laser angular frequency with optical feedback. the optical feedback strength 
  describes the coupling rate of re-injected light into the internal cavity length, which is 
expressed as: 
 22 3 2(1 )r r r     (1.5) 
Where   is the coupling efficiency which accounts for possible loss on re-injection, e.g. 
mode mismatch, finite coherence length. When 1  , from Eq. (1.4), we can get: 
  2 1 cos( )eff sA r      (1.6)  
 sin( )eff s      (1.7) 
since  2sin( ) 1 cos( )s sr      and arctan( )x x  for small x [38].  
 
As the round-trip phase in the laser cavity must be equal to an integer multiple of 2π, we 
obtain the phase condition of compound cavity of the Three-Mirror model shown as 
below: 
 0( ) ( =2)c th in s eff qg g d            (1.8) 
where q  is an integer,   is the linewidth enhancement factor of the laser. in  is the laser 
roundtrip time in the internal cavity ,expressed as in2 /inn L c   and 0  is the angular 
frequency of the solitary laser without feedback. cg  and thg  are the threshold gain of the 
laser with and without external feedback respectively [97]. thg  can be expressed as: 
 1 11 2In ( )th sg a d r r




where sa  accounts for any optical loss in the internal cavity. Additionally, cg  must satisfy 
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effr A e
    (1.10) 
Inserting Eq. (1.6) and Eq.(1.9) into Eq.(1.10), we can obtain: 
 cos( )c th sg g d
       (1.11) 
Then, inserting Eq. (1.7) and Eq.(1.11) into Eq.(1.8) and letting =0q , i.e. the phase 
difference is 0 , the phase equation of the OFI system is give as below: 
  20 1 sin arctan( )s s
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
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Although, some interesting results can be explained by using the Three-Mirror model, the 
details related to the physical settings of the phenomena are not be explained.  
1.3.2.2. Derived from the Lang and Kobayashi equations 
To investigate the more detailed phenomena of the OFI system, in 1995, Donati et al. [99] 
presented an analytical OFI model by solving the L-K equations with steady state 
solutions. Compare Three-Mirror model, the L-K equations are point-independent 
equations. sE , sN  and s were introduced to represent the stationary solutions of L-K 
equations for electric field amplitude, carrier density and angular frequency respectively.  
 
The L-K equations are solving by setting ( ) 0dE t d t  , then Eq.(1.1) becomes, 
 0
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Setting 0( ) sd t dt    , Eq.(1.2) becomes, 
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  , Eq.(1.14) is expressed as, 
  0 sin arctan( )s sC        (1.15) 












  (1.16) 
Eq.(1.13), Eq.(1.14) and Eq.(1.16) are commonly known as the steady state solutions of 
the L-K equations. 
 
























  (1.17) 
Limiting treatment to the practical case 0.01  and using Tayler series, 2sE  can be 
approximated as follow, 
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   , therefore, 
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Neglecting second-order contributions, Eq.(1.19) becomes, 
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   , it can be seen that P  is determined by the LD internal 
parameters and the injection current. It can be treated as a constant once the physical 
system is established. The OFI signal P  can be expressed as, 
 cos( )sP P    (1.21) 
The Eq.(1.15) and Eq.(1.21) constitute the OFI model which has been widely used to 
describe the OFI signal. 
1.3.3. Sensing Signal Features 
In the OFI model, C  is called optical feedback level, it is an important quantity for 
characterizing feedback. It was proposed by Acket in [100] and used to distinguish 
between the low feedback regime ( 1C  ) and high feedback regime ( 1C  ). A more 
detailed feedback regimes studied by Tkach and Chraplyvy presented a T-C diagram 
shown in Fig. 1.4 which classified five feedback regimes [101].  
 




As C  increases from zero, the five qualitatively different regimes are [38, 102]: 
Regimes I: It is characterized by weak optical feedback ( 1C  ) with a single emission 
frequency and a narrowing or broadening of the emission line depending on the phase of 
the feedback. In this regime, the phase equation Eq.(1.15) presents a unique mapping 
from 0  to s . In some works, the approximation of 0s   have been taken in [44, 103, 
104]. Fig. 1.5 shows the relationship between 0  and s  as well as P  and 0  under weak 
feedback when 0.5C   and 3  . Supposing a continuous sinusoidal displacement is 
applied on the target with 0( ) sin(2 )L t L L ft   , where 0L , L  and f  are the initial 
external cavity length, the amplitude of the displacement and frequency respectively. 
They are chosen as 0 0.24L m , 01.5L    and 400f KHz . In this case, the variation 
of the initial optical phase can be expressed as: 0 0(t)=4 sin(2 ) /L ft     .Fig. 1.6 
shows the time-varying optical phase and its corresponding OFI signal. 
 
Fig. 1.5: Influence of external cavity on laser frequency and intensity at weak feedback with 0.5C   and 





Fig. 1.6: OFI signal at weak feedback with 0.5C   and  3.0  . (a) Time-varying optical phase induced 
by a moving target. (b) OFI signal. 
Regimes II: It is characterized by moderate feedback (1 4.6C  ), which results in 
multiple emission frequencies and apparent splitting of the emission line due to rapid 
mode hopping. Varieties of OFI-based applications have set the system in moderate 
feedback, and the behavior of the OFI in this regime have been investigated intensely [76, 
105, 106]. Based on the behavior analysis in [76, 105], when 0  increases, that s  and P  
will track the route A B C  , when 0  decrease the route will be C D A  as 
shown in Fig. 1.7. In the phase equation, when 0  locates between point A and C, 0  will 
yields three s . Similar to Fig. 1.6 (a), when a continuous sinusoidal displacement is 
applied on the target, the OFI signal presents asymmetric hysteresis and produces a 





Fig. 1.7: Influence of external cavity on laser frequency and intensity at moderate feedback with 3.5C   
and  3.0  . (a) Relationship between 0  and s . (b) Relationship between P  and 0 . 
 
Fig. 1.8: OFI signal at moderate feedback with 3.5C   and  3.0   . (a) Time-varying optical phase 
induced by a moving target. (b) OFI signal. 
Regimes III: It is characterized by strong feedback ( 4.6C  ), which results in a return to 
single emission frequency. The work [107] studied the behavior of OFI system with a 
large C , and gave the details about the mode jumping rules. Indicated in Fig. 1.9, when 




decrease the route will be E F G H A    . In the phase equation, five or even 
more possible s  may be yielded from a single 0 . When a continuous sinusoidal 
displacement is applied on the target, the corresponding OFI signal is presented in Fig. 
1.10 (b). The signal is still in saw-tooth like waveform but it may experience fringe loss 
[59, 107]. Additionally, when C  increases to certain values, the shape of the OFI signals 
may closely replicates that of the external movement.  
 
Fig. 1.9: Influence of external cavity on laser frequency and intensity at strong feedback with 6.0C   





Fig. 1.10: OFI signal at strong feedback with 6.0C   and  3.0  . (a) Time-varying optical phase 
induced by a moving target. (b) OFI signal. 
Regime IV: It is characterized by chaotic dynamics with islands of stability [102] and 
broadening of the emission line, a state often referred to as “coherence collapse”. 
 
Regime V: It is characterized by a return to stability, when the system effectively operates 
as an optically pumped long external cavity laser. This regime occurs when the feedback 
level is much greater than the laser relaxation oscillation frequency. The laser under 
optical feedback is independent of the phase of the feedback. 
 Thesis Outline 
This thesis consists of five chapters and is organized as below. 
 
Chapter 2 presented a dual-cavity OFI system to addresses the issue of sensitivity 
degradation associated with an OFI sensing system due to the weak optical feedback of 




the dual-cavity OFI is derived from the steady state solutions of the dual-cavity L-K 
equations. A mathematic expression of the signal enhancement is obtained, elaborating 
how the feedback strength of the control target and the control cavity length influence the 
enhancement.  
 
Chapter 3 starts with the investigation on the validity of both L-K equations and the OFI 
model when describe the OFI signal. We study the dynamic states in conjunction with the 
feedback regimes and presented a bifurcation diagram that consists both features. Base 
on such bifurcation diagram, we classified a new five regions. In each of the regions, the 
OFI signals generated from both LK equations are simulated and compared with that from 
the OFI model. Such study on the validity of OFI model and LK equations provide a 
guidance on applying appropriate models when designing OFI based sensing system. In 
Section 3.3, we present a new sensing scheme making use of laser dynamics associated 
with a dual-cavity OFI system to improve the sensing sensitivity. The second cavity is 
used to control the laser dynamics and ensure the LD operates at P1 state. The laser 
intensity in the P1 exhibits an oscillation with its amplitude modulated by an OFI signal 
(generated with a single cavity and LD operating at steady state). It is observed that the 
modulation depth is remarkably larger than the magnitude of the OFI signal. By adjusting 
the feedback strength, the system can be set at a most optimal working point for sensing 
and measurement. In Section 3.4, a new approach to achieve a sub-nanometre scale 
displacement sensing is also proposed, which is based on a fringe sub-division algorithm 
that utilizes the high frequency component of the laser intensity signal and a signal 





Chapter 4 presents a linewidth enhancement ( ) factor measurement using the relaxation 
oscillation (RO) frequency. The RO frequency of a laser can be modified by external 
optical feedback. Based on this fact, we investigated the relation between the RO 
frequency and   factor and presented three measurement methods.  
 





Chapter 2. Proposed Dual-Cavity 
Configuration 
 
The dual-cavity configuration in optical feedback interferometry was first proposed in 
[108] by Fischer et al. It was called T-shaped cavity model that consists the LD and two 
external high reflecting gold mirrors. The model was used to study the transition 
phenomena from regular to high-dimensional chaotic behavior and it was regarded as an 
ideal candidate when studying the dynamics in nonlinear systems with many degrees of 
freedom. In 1997, Liu et al. used dual-cavity configuration to study the dynamical 
behaviors. Their publication [109] emphasis the variation of the laser output dynamics 
versus the ratios between the two external cavity lengths and reflectivity. Based on the 
bifurcation diagram, they conclude the stable region is quite robust for wide parameter 
ranges, which suggests the dual-cavity configuration can be applied to stabilize of the 
feedback-induced chaos. This function was later confirmed by Rogister et. al [110], 
furthermore, he gave an theoretical analysis on how the second feedback cavity can 
suppress the low frequency fluctuations. In 2003 Wang et al [111], experimentally 
demonstrated the suppression of low frequency fluctuations using the dual-cavity 
configuration. With the assist of signal processing techniques, they realized an absolute 
distance and microscopic displacement measurement. In recent years, researchers have 
utilized the dual-cavity configuration in many applications. In [112], it was used to 
compress the linewidth of the single longitudinal mode distributed feedback laser. 




level to serval kHz. The work in [113, 114], proposed Doppler velocity measurement 
method based on the OFI with two parallel optical external cavity, then use Fast Fourier 
Transform applied on the obtained OFI signal to obtain two sets of Doppler shifts. Hence, 
the corresponding motion velocity of the target object can be measured via the sum of the 
two Doppler shifts. In [115-117], 2D vibration measurement and moving detection of 
multiple targets are achieved using the dual-cavity OFI and the work in [118] proposes to 
use the second cavity to realize nanoscale displacement sensing. 
 
It is noted that the magnitude of the OFI signal mainly depends on the optical feedback 
level. However, in some practical applications, the target surface to be measured has very 
low reflectivity and thus it is unable to generate adequate feedback light reflected back 
into the LD, leading to weak and blurred OFI signal. In this situation, the sensing 
sensitivity of the system is severely degraded and the OFI system may even lose its 
sensing ability. A general way to address this problem is to affix a mirror or a piece of 
material with high reflectivity on the target, so that a high enough feedback level can be 
generated to get a clear OFI signal. However, in some applications, it is inconvenient or 
even impossible to affix high reflectivity materials on the target, e.g., the measurand target 
is a living organism, a fluid field, or acoustic emission. Therefore, it is highly desirable 
to develop a method which enables the OFI system to achieve high sensitive sensing. 
There have been a few publications focus on improving the dual-cavity configurations 
sensitivity. In [111], it notices the increasing of the target feedback strength will lead to 
the increasing of the laser intensity waveform’s amplitude, and the waveform is similar 
to the signal-cavity configuration. However, the feedback strength in the paper was 




waveform in dual-cavity can be used for sensing purpose. In [119, 120], a large number 
of simulations were performed to valid the feedback strength of the second target and the 
length of the second cavity have impact on the laser intensity waveform. Their 
simulations show there are about 2-4 time signal amplitude improvement. However, it 
has lack of mathematical explanation how these factors are affecting the signal amplitude. 
 
Based on the conventional single-cavity OFI shown in Fig. 1.1, the dual-cavity OFI is 
implemented by adding another target (Target-2) and forms a second cavity. We name it 
as the control cavity. We defined the target which associated with quantities to be 
measured as Target-1 or the measurand target, the cavity between the LD to Target-1 is 
called the measurand cavity. The dual-cavity OFI has the structural similarity to the 
Michelson interferometer, but different in terms of functions. The function of adding 
Target-2 is to increase the sensitivity of the overall system and control the LD dynamic 
(discussed in Chapter 3). Since it is based on OFI system, therefore it inherited all the 
advantages that single-cavity OFI has, such as no external PD is needed, the LD is acted 
as both source and receiver. The interferometric signal is achieved at everywhere on the 
beam. The system is applicable for rough diffusive surfaces and half-laser wavelength or 
sub-wavelength resolution are achievable. 
 




The dynamic behavior of an LD in a single-cavity OFI is describe by the L-K equations. 
For the dual-cavity OFI, the original L-K equations can be modified in below [109]. Note 
that the symbols with subscript ‘1’ are relevant to Target-1 and ‘2’ are relevant to Target-
2.  
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 Dual-Cavity OFI Model 
In the conventional single-cavity OFI system, the steady state solutions of the L-K 
equations is called as the OFI model. For dual-cavity OFI, the steady state solutions can 
be derived from the dual-cavity L-K equations Eq.(2.1)-Eq.(2.3), by setting ( ) 0dE t d t 
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Second, let’s set 0( ) sd t dt    , then Eq. (2.2) becomes,  
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Introducing 1  into the above equation then, 
 
2 21 2
0 1 1 1 1 1 21 sin( arctan ) 1 sin( arctan )s s s
in in
              
 
         
Introducing 2 21 21 1 2 11  and 1
in in
C C
    
 
     then 0 1   becomes 
 1 0 1 1 1 2 2sin( arctan( )) sin( arctan( ))s s sC C            (2.5) 






( ) ( ) 0








J G N N E t
N
J G N N E t


   
  
  

















In summary, Eq.(2.4), Eq.(2.5), Eq.(2.6) are the steady-state solutions for the dual-cavity 
OFI model, they are corresponded to the steady-state solution for the OFI model Eq.(1.13)
, Eq.(1.14), Eq.(1.16). 
 
Let’s substitute Eq.(2.4) into Eq.(2.6), we have, 
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Eq.(2.5) and Eq.(2.7) are the dual-cavity OFI model. If Target-2 related terms are 
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Eq.(2.8) and Eq.(2.9) are the OFI model which have been reported in many literatures. 
 Enhanced Sensing Performance 
In dual-cavity OFI, Target-1 is moving and its surface assumed to have very low 
reflectivity and Target-2 is stationary and provides a high feedback. Hence, we have 
2 1  . Since Target-1 has a very low reflectivity ( 1 0.01  ) and thus 
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approximated as the following two equations respectively, 
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   . The DC value is determined by the LD internal 
parameters and the injection current. It can be treated as a constant once the physical 
system is established. 
 
The displacement information ( 1L ) relevant to Target-1 movement is carried in the term 
1cos( )s  in Eq.(2.10) and Eq.(2.11) through 1 12 /L c  . To describe the sensing of the 
displacements, we introduce sP  as the OFI signal and _Target-1sP  as the dual-cavity OFI 
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parameters, which are fixed for a certain LD. 2  and 2cos( )s  are relate to Target-2 
which is stationary and located at a certain location. Therefore, 'DC  can be treated as a 















  (2.14) 
Increasing 2  and setting a proper location of Target-2 to ensure that 2cos( ) 1s  , we 






 . It means that we can obtain a lager signal magnitude 
by using dual-cavity OFI model compared to the OFI model for the same displacement 
information. To increase 2 , we can employ a target with high reflectivity surface such 
as mirror. To achieve 2cos( ) 1s  , we can finely adjust its location by observing the 
laser intensity. The location is determined when the laser intensity reaches its highest 
value. 
 Simulation Verification 
We implement both dual-cavity OFI model Eq.(2.7) and the OFI model Eq.(2.8) to show 
how the sensing sensitivity is improved. In the simulation, the LD internal parameters 
values are given in Table 1-1. The LD wavelength is 0 780nm  , and the injection 
current is 1.1 thJ J , where thJ  is the injection current threshold. 
 
Firstly, we need to determine the location of Target-2 (denoted by 2L ). Set 




0_ 2L  is used to finely adjust the location of Target-2, we set a small displacement 
ranging from 0 to 01.5 . Target-2 has feedback strength with 2 0.0154  . The OFI 
signal in Fig. 2.2 is plotted by using an OFI model with only Target-2 in present. Fig. 
2.2(a) shows a small varying 0_2L  applied on Target-2 and Fig. 2.2(b) is the 
corresonding OFI signal of 0_2L . The optimal location of 0_2L  is determined when the 
OFI signal reachs its peak at 2cos( ) 1s  . 
 
Fig. 2.2: Determining the location of Target-2 by 2cos( ) 1s    when 0 _ 2 0.05mL   and 2 0.0154  , 
(a) A varying 0 _ 2L  . (b) OFI signal. 
Secondly, we add Target-1 into the system. Target-1 has a weak feedback with 
1 0.0002   and the initial external cavity length 0_1 0.7mL  . It is in linear displacement 
1L . At this stage, Target-2 is in static, it is located at the optimal location which has 
determined previously. Fig. 2.3(a) shows the displacement of Target-1. The normalized 
OFI signals is denoted as sP . Fig. 2.3(b) shows sP  from both dual-cavity and single-cavity 




normalized both OFI signal in the range [-1, +1], the two signals look identical, it 
indicates the dual-cavity OFI has the same properties as the single-cavity OFI. 
 
Fig. 2.3: Sensing signal comparison. (a) Displacement of Target-1. (b) Comparison of sensing signal from 
dual-cavity OFI and conventional single-cavity OFI with 
2 0.0154  . 
 
Fig. 2.4: Normalized signals in dual-cavity OFI and single-cavity OFI 
It’s deserve to mention that a moving Target-1 can cause a small variation in s . This 




Target-2, According to Eq. (2.14), a larger 2  is prefered, hence the smaller initial length 
of Target-2 is recommendaned  
 
 
Fig. 2.5: Small variation in 2cos( )s   caused by Target-1 when 0 _ 2 0.05L m  
We now increase the feedback strength of Target-2 by setting 2 0.0307  , while all 
other parameters remain unchange. The result is shown in Fig. 2.6(b). It can be seen that 
a larger magnitude for the dual-cavity OFI signal is obtained and the magnitude is 





Fig. 2.6: Sensing signal comparison. (a) Displacement of Target-1. (b) Comparison of sensing signals 
from dual-cavity OFI and conventional single-cavity OFI with 0 _ 2 0.05L m  and 2 0.0307  . 
 Experimental Verification 
To verify the proposed method, we further built an experimental system presented in Fig. 
2.7. A single mode laser diode (Hatachi HL8325G, 0=830 nm , output power 
0 40 P mW ) is employed in this physical system. The LD is driven and temperature-
stabilized by a LD controller (Thorlabs, ITC4001) at the injection current of 90mA and 
the temperature of 23 0.002 C  . The light emitted by the LD is focused by a lens then 
splited into two light beams by a beam splitter (BS) with spliting ratio of 50:50. One beam 
is directed to the Target-1 whose displacement is to be measured. The other beam is 
directed to the Target-2 for providing high feedback. The Target-1 is a piezoelectric 
transducer (PZT) (Thorlabs, PAS005). A piece of paper is glued on the PZT head to 
provide a weak feedback. The PZT (PAS005) has a displacement resolution of 20nm, 
driven by a PZT controller (Thorlabs, MDT694) by applying a sinusoidal driving signal. 




used for providing feedback. To provide a high feedback by Target-2, a mirror is glued 
on the head of this PZT. The PZT is driven by a controller (PI E-625). We use this PZT 
to finely adjust the location of Target-2 to meet the requirement of 2cos( ) 1s  . A 
variable attenuator (VA) (Thorlabs, NDC-50C-2M-B) is inserted between the beam 
splitter and Target-2. The VA is continuously variable density filter with angular 
graduations mounted on an rotating axle which can be used to continuously adjust the 
feedback strength, in this experiment it is used to adjust the feedback strength of Target-
2. The photodiode (PD) packaged at the rear of the LD is connected to a detection circuit 
to detect OFI signal. Finally, the OFI signal is captured, recorded and displayed by a 
digital oscilloscope. 
 
Fig. 2.7: Experimental system with dual-cavity configuration.  
The experiment is carried out in the following the procedure: 
1. Firstly, remove Target-2 from Fig. 2.7, with only Target-1, we observe an OFI signal 
using the experimental system established. Apply an displacement on Target-1 by the 




PZT driver is an sinusodial signal with freqeuncy of 200Hz ,amplitude of 3V. 
According to the datasheet, 0.1V controlling voltage leads to 27nm displacement of 
the PZT. The initial external cavity length of Target-1 is 0.25m. As the surface of 
Target-1 has very low reflectivity, the OFI signal recorded by the oscilloscopt looks 
blurred, shown on Fig. 2.8(a). 
2. Then block the light beam refected from Target-1. The system now only have optical 
feedback from Target-2. We adjust the location for Target-2 to meet 2cos( ) 1s  . 
Rotate the VA which is located between the PZT (P-841.20) and the spiliter so that 
the system with Target-2 works at moderate regim. Target-2 is placed at 0.10m away 
from the LD. Moving Target-2 linearly by applying a controlling valtage signal 
changing from 0V to 1V. The corresponding OFI signal can be observed and recorded 
by the digital oscillocope. From the signal waveform, we can lock the location of 
Target-2 when the signal reach its peak where we have 2cos( )s  close to 1. Note this 
PZT has a displacment resolution of 9nm. We can use this PZT to accurately 
determine the location.  
3. Allow the two targets on the system, the system will receive optical feedbacks from 
both Target-1 and Target-2. Target-1 is moving as described in step 1. Target-2 is 
stationary at the location determinded in step 2. Then, we can obtain and an dual-
cavity OFI signal sP . 
4. Starting from step 3, we further finely adjust the location of Target-2 to observe the 
influence of its location on sP . The PZT (PI P-841.20 ) has PC controlled function. 
We can use a computer to adjust its movement with 10nm each time. In this case, 




magnitude of sP  is changed with the locations.   
5. At last, we observe the influence of feedback strength provided by Target-2 on sP  by 
setting Target-2 at a certain location, e.g., the location obtained in step 2. Rotate the 
VA to get different feedback strength and record the corresponding OFI signal sP . 
 
Amount the observed signals, we selected three locations with visiable enhancement ratio. 
They are presented in Fig. 2.8 and Fig. 2.9. Fig. 2.8(a) is a blurred OFI signal 
corresponding to the displacement of Target-1, recorded in step 1. It can be read OFI 
signal is nearly burried in noise. The peak-peak value of the recorded signal is about 
10mv. Note that the second feedback is not applied to the experimental system at this 
step. Fig. 2.8(b) is the dual-cavity OFI signal sP  with Target-2 added to the experimental 
system, recorded in step 3. It shows the magnitude of the recorded signal has been 
significant enhanced due to the feedback from Target-2. Fig. 2.8(c) and (d) are sP  with 
same feedback strength but different locations of Target-2, recorded in step 4. The peak-
peak values of the OFI signals in (b), (c) and (d) are about 35mV, 25mV, and 15mV 
respectively. It can be seen the magnitude of sP  can be enhanced at these locations with 
different enhancement ratio. With the current setup, we are able to make the blurred OFI 





Fig. 2.8: Influence of Target-2 location. (a) OFI signal with Target-1 only. (b),(c),(d) Dual-cavity OFI 
signals with different locations but same feedback strength. 
Another set of experiment results are presented in Fig. 2.9. based on the result in Fig. 
2.8(b), we keep the location of Target-2 unchanged, and change the feedback strength of 
Target-2 and record the corresponding sP , as described in step 5. The recorded signals 
are shown in Fig. 2.9(b), (c) and (d). The signal in Fig. 2.9(b) is with the same location 
and feedback strength from Target-2 as in Fig. 2.8(b). Fig. 2.9(a) is the same blurred OFI 
signal as in Fig. 2.8(a). Comparing to Fig. 2.9(b), Fig. 2.9(c) is the case that Target-2 has  
lower feedback strength and whereas in Fig. 2.9(d) it has higher strength compared to the 
feedback in (b). The peak-peak values in Fig. 2.9(b), (c) and (d) are about 35mV, 20mV 
and 50mV respectively, with enhancment factor as 3.5, 2.0 and 5.0. Obviously, a higher 





Fig. 2.9: Influence of dual-feedback strength; (a) OFI signal with Target-1 only. (b), (c), (d) Dual-cavity 
OFI signals with different feedback strength but same location of Target-2. 
 
Fig. 2.10: Signal enhancement performance. a) Different control cavity lengths with 2 0.0327  , (b) 
Different control target feedback strengths with 0 _ 2 160 L nm   
Further analysis of Target-2’s location and feedback strength on the enhacement ratio is 
shown in Fig. 2.10. Fig. 2.10 (a) shows that the location of Target-2 needs to be choosen 
by satisfying to ensure a larger ehancement ratio for a fixed feedback strength. Fig. 
2.10(b) shows that the enhancment ratio goes up with the increase of the feedback strength 
for a fixed location of Target-2. the above experiments varified the proposed daul-cavity 






In this chapter, we utilized the dual-cavity OFI configuration to improve the performance 
of the conventional single-cavity OFI. Follow the principle of the single-cavity OFI 
model, we derived the dual-cavity OFI model from the steady state solutions of the dual-
cavity L-K equations. A mathematic expression was obtained to describe the 
enhancement of the sensing signal, which also elaborates the way to enhance the signal 
by controlling the feedback strength and the length of the second cavity. Our simulation 
shows the dual-cavity and single-cavity OFI signals are identical when normalized them 
in the same range. This means the dual-cavity OFI signal has the same properties as the 
single-cavity OFI signal can be used for sensing applications. The results also show the 
signal enhancement will increase with feedback strength of the control target. However 
such relationship does not exist for the control cavity length. A fine adjustment for the 
control cavity length is needed to ensure the dual-cavity system has the maximum 
enhancement. An experiment was conducted to valid the proposed method. The results 
show with the adjustment of the feedback strength of the control target and control cavity 
length, the dual-cavity OFI can give 2-5 times sensitivity improvement compare to the 
single-cavity OFI. It is in a good agreement with the simulation results. The proposed 
dual-cavity OFI system addressed the issue of an OFI system with degraded sensing 
sensitive due to the weak optical feedback of the measurand target. The second cavity 
effectively improved the sensing sensitive without any physical changes on the 
measurand target. It provides important guidance for designing a practical OFI based 




Chapter 3. Sensing at Period-One State -- A 
New Sensing Scheme 
 
 Dynamic States 
The numerical study of L-K equations unveils a number of complex dynamical states, 
including Steady (S) state, Period-One (P1) oscillation state, Quasi-periodic (QP) state 
and Chaos (C). Various potential applications have been investigated and reported in 
different dynamic states. In steady state, a LD with optical feedback being utilized to 
detect the Doppler shift, vibration, velocity measurement, and displacement [49, 57, 122, 
123]. In P1 state, a large sideband-rejection-ratio is obtained, with this unique advantage, 
P1 oscillation can be used to generate microwave photonic signal for sensing and fiber-
optic radio communication [124-128]. In quasi-period state, LD with the influence from 
feedback will generate subwavelength, by monitoring frequency shift can achieve multi-
dimensional 2D measurement [129]. In chaos, due to the broad bandwidth and pseudo-
randomness of chaotic oscillation, it can be implemented in chaotic radar and chaotic 
secure communication [130-132], et al.  
 
The dynamic states can be identified by observing the laser intensity waveform which is 
obtained through solving the L-K equations. An example of the waveform in their 





Fig. 3.1: Laser intensity waveforms in different dynamic states. (a) Steady state. (b) Period-One 
oscillation state. (c) Quasi-Periodic oscillation state. (d) Chaos. 
The transition from steady state to chaos through various states when one of the system 
parameter values change is called bifurcation. A bifurcation diagram can be created by 
sampling the local maxima (or minima) of the laser intensity waveforms. A set of the 
local maxima is plotted along the vertical axis (laser intensity) at a fixed LD parameter 
value, e.g. external cavity length, feedback strength, injection current etc. Then, when the 
parameter value is slightly increased (or decreased), a new waveform is obtained at a new 
fixed parameter value and the local maxima of the waveform are sampled and plotted 
again [133]. This procedure is repeated to create a bifurcation diagram. In Fig. 3.2, two 
examples of the bifurcation diagrams are given. Fig. 3.2(a) show the bifurcation of a 
single-cavity OFI with 3  , 1.1 thJ J , and 0.2L m , the optical feedback strength   
is used as the variable parameter. The LD experiences Steady, P1, QP and Chaos states. 
In Fig. 3.2(b), the fixed parameters are 2  , 1.3 thJ J , and 0.125  . The external 




Chaos. In the next section, we will focus on OFI sensing characters at steady and P1 state.  
 
Fig. 3.2: Two examples of single-cavity OFI bifurcation diagram. (a) Bifurcation diagram with   as 
variable. (b) Bifurcation diagram with L  as variable. 
 Validity of Existing OFI Model 
The OFI model and their applications are based on an assumption that the system operates 
in stable state, that is both the electric field ( )E t  and carrier density ( )N t  in a LD with 
a stationary external cavity can reach a constant after a transient period. With the changes 
of the system parameters, e.g. feedback strength, LD injection current, the system will 




in [134] observed a high frequency component exists in the OFI signal under the moderate 
feedback regime. Although the authors did not explicit say the LD is no longer in the 
steady state, it has implied the OFI model is not able to correctly describe the signal 
anymore. It is possible that the LD has entered other state under the moderate feedback 
regime. In this case, a modulated laser intensity obtained by the OFI model will be 
different from the one using the L-K equations. In the following, we study the validity of 
the OFI system models through the analysis on the laser intensity waveform that 
generated from both L-K equations and OFI model. As mentioned in Section 3.1, a 
bifurcation diagram is used to investigate LD dynamic states for the change of a certain 
parameter. However, it has lack of information of the OFI feedback regimes which is 
classified by feedback level C . We present a bifurcation diagram that contains both 
dynamic states and C  factor, this allows us to clearly identify how the states and regimes 
are corresponded. It can be used as a guide on when to use the L-K equations and OFI 
model to describe the laser intensity waveform. 
 
The bifurcation diagram in Fig. 3.3 was induced by optical feedback strength in an LD. 
The vertical axis is LD intensity values of the local peaks of the waveform, it is defined 
as 2 20( ) /E t E , where 
2
0E  is the intensity of the LD without optical feedback. The top 
horizontal axis is the parameter of the optical feedback level C  and the bottom horizontal 
axis is the optical feedback strength  . The LD related parameters are set as follow, 
0 780nm  , 3  , 1.3 thJ J , where thJ  is the injection current density threshold. The 
target is in static mode with initial external cavity length 0 0.24L m . According to the 
feedback regimes and dynamic states, the bifurcation diagram can be divided into five 




is in steady state and with moderate feedback. Region III:  LD is in P1 state and with 
moderate feedback. Region IV: LD is in P1 state and with strong feedback. Region V: 
LD is in qusi-periodic or chaos state and with strong feedback. Next, we will investigate 
the OFI signal waveforms by using the OFI model and L-K equations. 
 
Fig. 3.3: Bifurcation diagram of an OFI system, with 3  , 1.3 thJ J  and 0 0.24L m .  
3.2.1. Comparison of Sensing Waveform Generated from OFI Model and L-K 
Equations 
For the recognized five operation regions shown on Fig. 3.3, we choose a working point 
in each region denoted by A,B,C,D and E respectively. At each point, we performed three 
groups simulations to obtain the laser intensity waveform  I t  (A relative laser intensity 
  2 2 20( ( ) ( )) /E t E tI t E  is used, where 2( )E t is the mean of 
2( )E t  and 20E ). The first 
group use the OFI model described by Eq.(1.15)  0 sin arctan( )s sC       and 




-Eq.(1.3) to obtain  I t , the third group also use L-K equations, but with a 500MHz low-
pass filter applied on the results. In all these simulations, the system and LD parameters 
setting are same as those used to generate the bifurcation diagram. The target has a 
reciprocating movement with a sinusoid displacement waveform shown in Fig. 3.4 (a).  
 
Fig. 3.4: Laser intensity waveforms  I t  obtained from the OFI model. (a): Displacement of the target. 
(b):  I t  at point A in Region I (c):  I t  at point B in Region II. (d):  I t  at point C in Region III. (e): 
 I t  at point D in Region IV. (f):  I t  at point E in Region V. 
The laser intensity waveforms  I t  obtained from OFI model are shown in Fig. 3.4 (b)-
(f), they are the corresponding  I t  at point A: 0.50 ( =0.0007)C  , B: 




8.95 ( =0.0123)C   respectively. From Fig. 3.4(b)-(e), as the feedback factor C 
increases, the shape of the fringes changed from sinusoidal to sawtooth like waveform 
and the signal amplitude also increased. In Fig. 3.4(f),  I t was obtained in region V, 
there are only three fringes compare to five fringes in Region I to IV. So there is a 
signaficant fringe loss [105-107].  
 
Fig. 3.5: Laser intensity waveforms  I t  obtained from the L-K equations. (a): Displacement of the 
target. (b):  I t  at point A in Region I (c):  I t  at point B in Region II. (d):  I t  at point C in Region 
III. (e):  I t  at point D in Region IV. (f):  I t  at point E in Region V. 
The laser intensity waveforms  I t  obtained through solving the L-K equations are 




corresponding  I t  has the same peak value and phase. It is as expected that their 
waveforms are identical, due to both region I and region II are operate in steady state. Fig. 
3.5 (d)-(e) show very different waveform compared them with Fig. 3.4 (d)-(e). It was 
reported in [135] that the LD operates above steady state, the laser intensity waveform 
exhibit a form of high frequency oscillation with its amplitude modulated by a slow-
varying signal. The slow-varying envelop is similar to the  I t  in the steady state. The 
amplitude of  I t  is increasing with the feedback strength. Although, Fig. 3.5 (d), (e) do 
not have clear fringes, with appropriate signal processing technique, it may still be able 
to provide displacement information about the target. Fig. 3.5 (f) shows the  I t  in 
region V, the envelop becomes unclear, the whole signal is blurry. It can also be noticed 
in Fig. 3.5 (d)-(f) that there are areas between the fringes where high frequency oscillation 
does not exist and its amplitude is significantly smaller than other parts, this indicates that 
at certain movements the system is switching between states.  
 
In a pratical system, the detection of the laser intensity was done by the in-built PD which 
is commenly attached at the back of a comerical LD. However, the bandwidth of the in-
built PD is usually less than 1GHz. Due to the limit in the rising time of the PD, it is not 
able to detect the high frequency components of laser intensity waveform when LD enters 
other states. Therefore, the waveform observed in region III to V through internal PD 
would be a distorted. So in the third group simulations, we applied a filter with cut-off 
frequency at 500MHz on the waveforms obtained in Fig. 3.5. This low-pass filter imitates 
the in-built PD that suppress the high frequencies components in the waveforms. The 




(d)-(f) are filtered out. Although,  I t  still has sprinkle, they have the same fringe 
numbers and appromixted same amplitude with the  I t  in Fig. 3.4 (d)-(e).  
 
Fig. 3.6: Laser intensity waveforms  I t  with 500MHz filter applied. (a): Displacement of the target. 
(b):  I t  at point A in Region I (c):  I t  at point B in Region II. (d):  I t  at point C in Region III. (e): 
 I t  at point D in Region IV. (f):  I t  at point E in Region V. 
From the comparison of the three groups’ simulations, we concluded that the existing OFI 
model can only correctly describe an OFI sensing signal waveform in Region I and 
Region II. When LD operates in Region III and above, the L-K equations should be used 




3.2.2. Experiment Observation 
An experimental system is built and depicted in Fig. 3.7 to observe laser intensity signal. 
The LD (HL8325G, Hitachi, Tokyo, Japan) is a single mode quantum well laser with an 
emitting wavelength of 830 nm and a maximum output power (P) of 40 mW. The LD is 
driven and temperature-stabilized by an LD controller (Thorlabs, ITC4001) with the 
injection current of 75mA and the temperature of 23 0.002 C  . The light emitted by the 
LD is focused by a lens and then splited into two light beams by a beam splitter (BS) with 
splitting ratio of 50:50. One beam is directed to the Target which is a piezoelectric 
transducer (PZT) (PI P-841.20) with a mirror surface for providing optical feedback to 
the LD. A variable attenuator (VA) is inserted inbetween the BS and the Target to adjust 
the feedback amount to ensure that the LD can operate at different dynamic 
states/feedback regimes. Since the intensicity waveform  I t can exhibits high 
frequency, so the other beam from the BS is directed to the external fast PD with a 
bandwidth of 9.5 GHz (Thorlabs, PDA8GS). The detected  I t  from both external fast PD 
and internal PD are collected and recorded by a high-speed digital oscilloscope (Tektronix 
DAS 70804). With the current setup, we are able to observe the  I t  in region I,II, and 





Fig. 3.7: Experimental comparison. 
We apply a displacement on the target, the controlling voltage signal from a signal 
generator applied on the PZT driver is a sinusodial signal with freqeuncy of 200Hz, 
amplitude of 0.4V. The initial external cavity length of the target is 0.25m. Adjust the VA 
to vary the feedback strength from low to high, and record three  I t  waveforms at 
different feedback levels. 
 
Fig. 3.8: Experimental results. (a), (e): Controlling signal applied to the PZT. (b)-(d):  I t  from the 




Fig. 3.8 shows the experimental results from two PDs with different bandwidths. Fig. 3.8 
(b), (c), (d) show  I t obtained from the internal PD which is packaged at the rear of the 
LD, while Fig. 3.8 (f), (g), (h) show  I t  obtained from the external PD with a bandwidth 
of 9.5 GHz. Each row in the figure are captured under the same laser operation conditions, 
i.e. same injection current, initial external cavity length and optical feedback level, but 
different photodetectors. Fig. 3.8 (a) and (e) are the driving signals applied on the PZT. 
For the PZT in the experiments, each 0.1 V contributes to 330 nm displacement. The peak 
to valley value of the voltage in (a) and (e) is about 0.4V, i.e. 1320 nm displacement. 
From top to bottom, the optical feedback strength increases. For Fig. 3.8 (b) and (f),  I t  
is obtained in region I. For Fig. 3.8 (c) and (g),  I t  is obtained in region II. It can be 
found in region I and II, the  I t  from both PDs are similar.  I t  in region I are showing 
sinusoidal waveforms and in region II are saw-tooth like waveforms. The amplitude 
increases with the feedback strength. We can conclude that both OFI model and L-K 
equations can be used to describe its behaviour. With the increase of feedback strength, 
the system enters region III. Fig. 3.8 (d) is the  I t  obtained from the internal PD. It 
shows saw-tooth like waveform, but the amplitude of each fringe are no longer in the 
same level. Fig. 3.8 (h) is the  I t  obtained from the external PD. The high frequency 
component can be observed with its amplitude modulated by a slow-varying signal. The 
results in region III show the observed laser intensity from the internal PD may not be the 
original signal due to the limitation of its bandwidth, using the OFI model to describe the 
signal is not valid, instead the L-K equations should be used to characterise the behaviour 
of the signal in this region. Although the OFI signal waveforms are complicated in Region 




will explain the sensing capability in these regions. 
 A New Sensing Scheme 
With the increase of the optical feedback level, an LD will leave the steady state and enter 
other operation states such as P1, QP, chaos, and rich dynamics can then be observed. 
Our work in [135] showcased the sensing capability of an OFI system with a moving 
target and high level optical feedback operating above the steady boundary. In this case, 
the laser intensity signal contains very high frequency components and its amplitude is 
modulated and exhibited a clear envelop, which contains the displacement information of 
the external target. The work in [135] opened a way to achieve more sensitive sensing 
using laser dynamics. However, the problem with the work is that the laser intensity 
exhibits very complicated waveform due to the moving target with high feedback. It is 
not easy to ensure that the system has a stable performance during the measurement 
because the LD may switch among different states. To solve this problem, a dual-cavity 
OFI system operates in P1 state is proposed. As shown in Fig. 3.9, the second target 
(Target-2/Control target) is added to the conventional single-cavity OFI. The cavity 
between the LD to the Control target is named as the control cavity since it will be used 
to control the dynamic of the system. The target which associated with quantities to be 
measured named as Target-1 or the measurand target. The cavity between the LD to 
measurand target is called the measurand cavity. Through a proper parameters settings 






Fig. 3.9: Dual-cavity OFI system operates in P1 state. 
Based on the dual-cavity OFI system described in Chapter 2, we developed a bifurcation 
diagram through solving the dual-cavity L-K equations Eq. (2.1)-Eq.(2.3). The vertical 
axis is the laser intensity values of the local peaks of the waveform, it is defined as 
2 2
0( ( ) / )E t E , where 
2
0E  is the intensity of the LD without optical feedback. The horizontal 






  , we added the optical feedback level 2C  on the bifurcation diagram. The 
parameter settings for the dual-cavity OFI system are as follows. We set 1.3 thJ J , 3   
and the LD wavelength is 0 780nm  . Target-1 related parameters are initial cavity 
length 01 0.10L m  and feedback level 1 0.1C  . Target-2 related parameters are initial 
cavity length 02 0.24L m .The values for the internal LD parameters are listed in Table 
1-1. The bifurcation diagram for the dual-cavity OFI is shown in Fig. 3.10. It can be seen, 
the dual-cavity OFI system with varying 2  experienced Steady, P1 QP states and Chaos. 
In steady state, 2C  ranges from 0 to 3.6, this corresponded to weak feedback regime and 




Chapter 2 are working in this state. The P1 state which 2C  covers from 3.6 to 5.5, includes 
partial moderate and strong feedback regime. Our proposed sensing scheme will be 
working in this P1 state, it was labelled as the “New sensing scheme region” on the 




Fig. 3.10: Bifurcation diagram for dual-cavity OFI. 
3.3.1. Theoretical Investigation 
We define sP  as the varying laser intensity with only Target-1 in use and the LD operates 
at steady state. 1PP  represents when both Target-1 and Target-2 are in use and LD operates 
at P1 state. For the OFI with only Target-1, Target-1 is set in reciprocating movement 
with a triangular displacement waveform as shown in Fig. 3.11(a). Through solving the 




Fig. 3.11(b). shows the corresponding sP  with 1 0.1C  , and the peak-valley (denoted as 
P-V) value is 46.92 10 (a.u.). 
 
Then, we consider the dual-cavity OFI, where both Target-1 and Target-2 are involved 
and the LD operates at P1 state. Target-1 related parameters remain unchanged, while 
Target-2 is set in stationary with 02 0.24L m  and 2 4.0C  . The same displacement 
signal shown in Fig. 3.11(a) is applied on Target-1. The 1PP  corresponding to the 
displacement is presented in Fig. 3.12, where we find that 1PP  exhibits a high frequency 
oscillation at 2.28 GHz with its amplitude modulated by a slow-varying signal.  
 
Fig. 3.11: Varying laser intensity sP  with Target-1 only. (a) Triangular displacement applied on Target-1. 





Fig. 3.12: Varying laser intensity 1PP  with both targets when 01 0.10L m , 02 0.24L m , 1 0.1C  , and 
2 4.0C  . 
We normalized both the sP  and the envelop of 1PP , which are shown in Fig. 3.13(a). It is 
found that the waveforms are identical, i.e., the dual-cavity OFI can generate an 
amplitude-modulated (AM) sensing signal with 1PP  as the carrier modulated by a sP  
signal. This indicates that 1PP  has the same sensing resolution (half laser wavelength) as 
the single-cavity OFI. We also found that a significantly larger sensing signal can be 
obtained using the dual-cavity OFI at P1 state. Fig. 3.13(b) shows the comparison of the 
two signals. The P-V value of the envelop of 1PP  is 0.107 (a.u.), contrasted to 
46.92 10
(a.u.) for sP . The former is 155 times of the latter. It can be seen that the dual-cavity OFI 
in the new sensing scheme region leads to significant increase in the sensitivity sensing 
contrast to the single cavity OFI and it is able to provide an effective solution for the 











Fig. 3.13: Comparison of the laser intensity generated from dual-cavity OFI and single-cavity OFI. (a) 
Normalized sP  and envelop of 1PP . (b) Comparison of 1PP  envelop and sP  
The larger the modulation depth (envelop), the more sensitive a 1PP  for measurement. 
To measure the sensitivity, we define R  as the enhancement ratio of 1PP  envelop to sP . 
We further tested the sensitivity within P1 state for different 2C  values, which are marked 
as A-E in Fig. 3.14.  
 




Point A corresponds to when 2 3.73C  , the 1PP  is shown in Fig. 3.15. The P-V value of 
the envelop of 1PP  is 0.186 (a.u.), this lead to an enhancement ratio 268. Point B 
corresponds to when 2 4.14C  , the 1PP  is shown in Fig. 3.16. The P-V of the envelop of 
1PP  is 0.089 (a.u.), this lead to an enhancement ratio 129. Point C corresponds to when 
2 4.55C  , the 1PP  is shown in Fig. 3.17. The P-V of the envelop of 1PP  is 0.064 (a.u.), 
this lead to an enhancement ratio 93. Point D corresponds to when 2 4.96C  , the 1PP  is 
shown in Fig. 3.18. The P-V of the envelop of 1PP  is 0.053 (a.u.), this lead to an 
enhancement ratio 76. Point E corresponds to when 2 5.38C  , the 1PP  is shown in Fig. 
3.19. The P-V of the envelop of 1PP  is 0.044 (a.u.), this lead to an enhancement ratio 64. 
The results for the enhancement ratio are summarized in Table 3-1. It can be seen that, 
within P1, a smaller 2C  leads to a larger R. 
 





Fig. 3.16: 1PP  at Point B with 2 4.14C  . 
 





Fig. 3.18: 1PP  at Point D with 2 4.96C  . 
 
Fig. 3.19: 1PP  at Point E with 2 5.38C  . 
Table 3-1: Sensitivity within P1 for different 
2C  values 
 A B C D E 
2C  3.73 4.14 4.55 4.96 5.38 
P-V 0.186 0.089 0.064 0.053 0.044 
R 268 129 93 76 64 
 




as linewidth enhancement factor  , injection current density J  and control cavity length 
02L . We have the following fixed parameters 01 0.10L m , 1 0.1C   and 2 5.38C  . Table 3-2 
tested different   values. In this simulation, we have 02 0.24L m  and 1.3 thJ J . From 
the results, we can see smaller   can give a better enhancement. The values indicated as 
N/A means the system is no longer in the P1 state, therefore enhancement is not 
applicable. In Table 3-3, we shows the enhancement results under different J . In this 
simulation, we have 02 0.24L m  and 3  . Lastly, we performed a set of simulation on 
different 02L . In this simulation, we set  1.3 thJ J  and 3  . From the results shown in 
Table 3-4, we found that the long cavity leads to a better enhancement.  
Table 3-2: Sensitivity within P1 for different   values 
  2.0 2.5 3.0 3.5 4.0 
P-V N/A 0.0839 0.0446 0.0412 N/A 
R N/A 121 65 60 N/A 
 
Table 3-3: Sensitivity within P1 for different J  values 
/ thJ J  1.1 1.3 1.5 1.7 1.9 
P-V 0.1499 0.0446 0.0691 N/A N/A 
R 217 65 100 N/A N/A 
 
Table 3-4: Sensitivity within P1 for different 02L  values 
02L  0.14 0.18 0.22 0.26 0.30 
P-V 0.0455 0.0545 0.064 0.0794 N/A 





3.3.2. Experimental Investigation 
 
Fig. 3.20: Schematic layout of the experimental setup. 
An experimental system shown in Fig. 3.20 is built to verify the proposed method. A 
single mode laser diode (Hatachi HL8325G, =830  nm , output power 0 40 P mW ) is 
employed in this physical system. The LD is driven and temperature-stabilized by an LD 
controller (Thorlabs, ITC4001) with the injection current of 75mA and the temperature 
of 23 0.002 C  . The light emitted by the LD is focused by a lens and  split into two light 
beams by a beam splitter (BS-1) with splitting ratio of 50:50. One beam is directed to the 
Target-2 with a mirror surface for providing high enough optical feedback to the LD. A 
variable attenuator (VA) is inserted inbetween the lens and Target-2 to adjust the feedback 
amount to ensure that the LD operates at P1 state. We also use it to adjust the modulation 
depth of 1PP . The other beam from BS-1 is directed to the Target-1 which is a piezoelectric 
transducer (PZT) (PI P-841.20) with a very weak reflective surface. Since the 1PP  has a 
very high frequency, it needs a fast photodetector (PD) for its detection. Commonly, a 




bandwidth of the inbuilt PD is less than 1GHz, which cannot meet the requirement of our 
design. Therefore, in this experiment, we use an external PD with a bandwidth of 9.5 GHz 
(Thorlabs, PDA8GS). Therefore, a second beam spliter (BS-2) is needed to direct the part 
of light into this external PD. To make a direct experimental comparison, both sP  and 1PP  
signals are detected using the same PD, and they are then visualized by a fast oscilloscope 
(Tektronix DAS 70804).  
 
One set of the recorded experimented waveforms are presented in Fig. 3.21. Fig. 3.21(a) 
is a voltage controlling signal applied on the PZT (Target-1) which drives Target-1 to 
move in a triangular waveform. The controlling voltage is provided by a signal generator 
with a frequency of 200Hz and amplitude of 0.85V. This makes Target-1 move with a 
displacement of 2500nm. Fig. 3.21(b) shows the corresponding sP  with only Target-1 in 
the experimental system. When recording sP , the light to Target-2 must be blocked. It can 
be seen that the sP  is nearly buried in noise due to the surface with very weak reflectivity. 
The P-V value of sP  is about 1.0 mv. Fig. 3.21(c) shows the 1PP  in dual-cavity OFI at P1 
state. It can be seen that this signal is large and has a clear envelop. The P-V of the envelop 
is about 10 mV. Therefore, the enhancement ratio R  is 10. Through adjust the VA, 1PP  
with lower feedback amount is obtained and shown in Fig. 3.21(d). The P-V of the 





Fig. 3.21: Experimental results: (a) The triangular displacement waveform applied on Target-1. (b) 
Corresponding sP . (c) Corresponding 1PP . (d) Corresponding 1PP  with a lower feedback than (c). 
 A New Approach for Fringe Sub-Division 
For a sensing signal generated by an OFI system, each fringe variation corresponds to a 
target displacement of 0 / 2 , where 0  is the laser’s wavelength. Therefore 0 / 2  is the 
basic resolution of all the OFI based applications. Over the years, researches have used 
different methods to improve the OFI system resolution. In 1998, Servagent et al. [136] 
used linear interpolation on the inter-fringe of a sawtooth-like OFI signal under moderate 
feedback regime to measure displacement. They found a linearity principle between a 
half-wavelength linear displacement and a sawtooth-like output optical power. By using 
linear interpolation on the output optical power, a resolution of 0 /12  for displacement 




reconstruct displacement by sinusoidal phase modulation based OFI [137]. They 
modulated the phase of a OFI signal by changing the external cavity length. The generated 
OFI is processed by Fourier transform from which zero and first order of spectra 
components can be obtained and used for calculating the displacement of the target. Their 
experiment demonstrated the proposed method can achieve approximately 0 / 50  (31 
nm) resolution. In the same year, their work in [103] uses signal processing by adding 
modulation of injection current into the OFI system to calculate the initial phase and 
retrieve displacement within a fringe, which achieves a resolution of 0 / 90 (16 nm) in 
experiment. In 2005, Guo et al. [138] proposed a sinusoidal phase modulating method to 
reconstruct harmonic displacement by adding an electro-optic modulator in between the 
laser and the external target. The modulator can provide a pure phase modulation in the 
optical length. By calculating the first and second order Fourier series of the modulated 
OFI signal, a wrapped phase of OFI signal can be obtained. Combining phase 
unwrapping, the displacement can be reconstructed based on the relationship between 
phase signal and the length of the external cavity. Although, this method gives resolution 
of 0 /80 , it requires the OFI system works in weak feedback regime. The most recent 
work in [139] utilizes experimental measurements to observe the relationship between 
optical frequency and LD terminal voltage versus external cavity length, they 
experimentally demonstrate a nanometric sensing system in P1 state, based on feedback 
interferometry in distributed interference lasers. With a high feedback strength to an LD 
can achieve a resolution up to 12nm . The work in [140] proposed a spatial differential 
technique named as differential optical feedback interferometry. A reference laser is used 
improve the resolution up to 4nm . The work in [141] improves the resolution by adding 




laser with the axial positioning capability of a confocal microscope, which realizes 2 nm  
resolution in a non-ambiguous range of about ten microns. The use of dual-cavity OFI for 
displacement was reported in [111, 142, 143], they reached displacement resolution 
between 10 to 25 nm.  
 
Our work in Section 3.3 confirmed the envelop of laser intensity in P1 state is same as 
the single-cavity OFI signal. With the dual-cavity OFI configuration, it significantly 
boosted the sensing sensitivity compare to the single-cavity OFI system. However, the 
resolution is still the same which is half-laser wavelength. In this section, we developed 
an algorithm that utilize the characteristic of the dual-cavity OFI signal in P1 state to 
realize a sub-nanometre scales displacement measurement.  
3.4.1. Measurement Algorithm 
An example of the dual-cavity OFI signal in P1 state (denoted as 1PP ) is shown in Fig. 
3.22. The envelop of the 1PP  is the integer fringe numbered as iM . The fractional fringes 
are the sub-fringes in the integer fringe, they are numbered as fM .The algorithm of using 





Fig. 3.22: An example of dual-cavity OFI signal in P1 state. 
 
Fig. 3.23: Measurement procedures 
The details of each step is described as below, 
Step 1: Adjust the LD controllable parameters, such as injection current J , feedback 
strength  , external cavity length L , and linewidth enhancement factor  , to ensure the 





Step 2: With an appropriate parameters settings, the laser intensity signal 1PP  is generated 
and captured for analysis. 
 
Step 3: The displacement measurement starts in this step. Two measurement process are 
performed simultaneous to realize both integer and fraction fringe measurement.  
 Integer fringe measurement: performing the envelop extraction on 1PP , then 
determine the number of integer fringe, denoted as iM . The displacement of the 





    (3.1) 
 Fractional fringe measurement, determine the number of fractional fringe within 
one integer fringe, denoted as fM . Then, determine the number of fractional 
fringe located before the first full integer fringe and after the last full integer 
fringe. Their sum is denoted as N . The displacement of the measurand target in 







    (3.2) 
Step 4: With the displacement of both iL  and fL  are obtained. The total displacement 














  (3.3) 
3.4.2. Simulation 





1. We carefully selected the following parameters to ensure the dual-cavity OFI 
system operates in the P1 state. We set the 1.3 thJ J , where thJ the injection 
current density threshold. The measurand cavity length is 01 0.10L m , the 
measurand target has a feedback strength 1 0.0003  . It is set in a linearly 
movement shown as Fig. 3.24(a) with a displacement of 2.2 0 . The control cavity 
length is 02 0.24L m . The second target has a feedback strength 2 0.0065  . It 
is set in static. The LD has wavelength 0 780nm  . 
 
Fig. 3.24: Varying laser intensity in P1 state. (a) Displacement of the measurand target. (b) 1PP  waveform. 
2. Through solving the L-K equations, the laser intensity is represented as 1PP . 
shown in Fig. 3.24. 
3. Integer fringe measurement: To count the number of the integer fringes, we 
extract the envelop from the 1PP  shown in Fig. 3.25(a). Then apply the zero-




Fig. 3.25(b). After that perform differentiation on the raising edge of the square 
waveform. The differentiated result is shown in Fig. 3.25(c), it gives us an impulse 
signal, from which we can determine 3iM   that is equivalent to 1170 nmiL 
.  
 
Fig. 3.25: Signal process applied 1PP . (a) The envelop of 1PP . (c) zero-crossing applied on the envelop. (c) 
Differentiation result on the envelop. 
Fractional fringe measurement: We directly perform the zero-crossing on 1PP
and find the number of fractional fringes in one integer fringe is 113641fM  , 
which revealed the displacement resolution is about 0.003 nm. Then we counted, 
there are 83704 fractional fringes located before the first full integer fringe, 
another 75371 fractional fringes after the last full integer fringes, which gives 
159075N   and 546 nmfL  . Fig. 3.26.(b) shows both integer and fractional 
fringes on the zero-crossing applied P1 signal. 
4. The total displacement is 1716 nm, which is same as the displacement we set for 





Fig. 3.26: The sub-division fringes. (a) Fractional fringes in 1PP  at the first 0.005 us. (b) Integer fringes 
and fractional fringes. 
3.4.3. Experiment 
The proposed measurement algorithm was further verified by an experimental system 
shown in Fig. 3.27. A single mode LD (Hatachi HL8325G) is employed, the LD is driven 
and temperature-stabilized by an LD controller (Thorlabs, ITC4001). The light emitted 
by the LD is focused by a lens and split into two light beams by a beam splitter (BS-1) 
with splitting ratio of 50:50. One beam is directed to the Target-2 (Control Target) with 
a mirror surface for providing high enough optical feedback to the LD. A variable 
attenuator (VA) is inserted in between the lens and Target-2 to adjust the feedback amount 
to ensure that the LD operates at P1 state. The other beam from BS-1 is directed to the 
Target-1 (measurand target) which is a piezoelectric transducer (PZT) (PI P-841.20) with 
a weak reflective surface. Since the system exhibits a high frequency, it needs a fast 
photodetector (PD) for detection. The LD’s the in-built PD is less than 1GHz, which 
cannot meet the requirement of our design. We use an external PD with a bandwidth of 




a part of light into this external PD. The detected LD intensity signals are visualized by a 
fast oscilloscope (Tektronix DAS 70804). The experiment is carried our according to the 
steps described in Fig. 3.23 
 
Fig. 3.27: Experiment setup 
We set the measurand cavity length as 01 0.13L m and the control cavity about 
02 0.25L m  approximately. The LD has a wavelength of 830 nm, injection current 75mA 
, the   value of the LD is about 3.4, it was measured using the method in [76]. The 
measurand target is attached on a PZT, which is controlled by a PZT controller. A 
triangular voltage signal shown in Fig. 3.28(a) with amplitude 0.55V was applied on the 
PZT. Through adjust the VA to control the feedback amount in the control cavity, 1PP  is 





Fig. 3.28: Experimental results of varying laser intensity in P1 state. (a) Displacement of Target-1. (b) 1PP  
waveform.  
 
Fig. 3.29: Experimental results of signal process applied 1PP . (a) The envelop of 1PP . (b) Differentiation 





Fig. 3.30: Experimental results of sub-division fringes. (a) Fractional fringes in 1PP  in the first 
75 10  s . 
(b) Integer fringes and fractional fringes. 
The envelop of 1PP  is extracted and shown in Fig. 3.29(a). After applied the zero-crossing 
detection, we can obtained 3iM  , this can be seen in Fig. 3.29(b). Therefore, 
1245 nmiL  . Meanwhile, the zero-crossing is applied on the 1PP  to obtain the 
fractional fringes. Fig. 3.30(a) shows the first 
75*10  s of the fractional fringes. Fig. 
3.30(b) shows the both the integer and fractional fringes. There are 68055 fractional 
fringes in one integer fringe, indicating 68055fM  , therefore the resolution is 0.006 
nm. The total fractional fringes located before first full integer fringe and after the last 
full integer fringe is 57484N  , therefore, 350.538 nmfL  . 
 Summary 
In this chapter, we first reviewed the dynamic states of LD. When one of the system 
parameter values change, the LD can transition from steady state, P1, QP state and chaos. 




both L-K equations and the OFI model. Traditionally, existing OFI model was derived 
based on an assumption that the system operates in stable state. With the changes of the 
system parameters, e.g. feedback strength, LD injection current, the system will leave the 
steady state, entering other states and exhibits complicated dynamics. In this case, the OFI 
model will not be able to correctly describe the signal. In the validity study, we presented 
a bifurcation diagram that showing both dynamic states and optical feedback regimes 
Base on such bifurcation diagram, we further classified the operation of a LD into five 
regions. 
 Region I: LD is in steady state and with weak feedback. 
 Region II: LD is in steady state and with moderate feedback. 
 Region III: LD is in P1 state and with moderate feedback. 
 Region IV: LD is in P1 state and with strong feedback. 
 Region V: LD is in qusi-periodic or chaos state and with strong feedback. 
The above classification allows us to clearly identify how the states and regimes are 
corresponded. We performed three group of simulations in each of the five regions. The 
first two groups compared the waveforms generated using OFI model and L-K equations. 
The results show both models are only valid in Region I and Region II. When the optical 
feedback is high, the two models give very different waveforms. The third group 
simulation shows when a low-pass filter was applied on the waveforms that is obtained 
using L-K equations. The third simulation reflected a practical condition, where the 
observed waveforms under the high optical feedback may have been filtered due to the 
limited bandwidth of the internal PD. An experiment was conducted by observing the 
waveforms through the inbuilt PD and external PD. The results show a good aggrement 




provide a guidance on applying appropriate models when designing OFI based sensing 
system. 
 
In Section 3.3, we present a new sensing scheme that use of laser dynamics in dual-cavity 
OFI system to improve the sensing sensitivity. The second cavity is used to control the 
laser dynamics and ensure the LD operates at P1. The laser intensity in the P1 state 
exhibits an oscillation with its amplitude modulated by an OFI signal (generated with a 
single cavity and LD operating at steady state). It is observed that the modulation depth 
is remarkably larger than the magnitude of the OFI signal. By adjusting the feedback 
strength, the system can be set at a most optimal working point for sensing and 
measurement and it does not have the requirement of an accurate adjustment of control 
cavity length. The results show the sensitivity can be improved up to 268 time in theory 
and 50 time improvement in the experiment. The work in this section has contributed a 
journal publication [144]. In Section 3.4, a new approach for fringe sub-division using 
the characteristic of the dual-cavity OFI signal in P1 state was proposed. It utilized the 
high frequency in the laser intensity signal and through signal processing technique in the 
time-domain to achieve a sub-nanometre scale displacement sensing. Our simulation 
results show the displacement resolution can reach up to 0.003 nm for a LD with 780nm 
wavelength. The experimental results show the system can reach 0.006 nm for an LD with 
830nm wavelength. It is expected the resolution could be further increased if a higher 
frequency laser intensity signal is generated in the dual-cavity OFI system. The work in 
both Section 3.3 and Section 3.4 utilize the properties of the dual-cavity OFI signal in P1 
state to realize a significant sensing performance improvement. They provide an effective 





Chapter 4. A New Method for Measuring 
Linewidth Enhancement Factor 
 
The LDs are the most abundant lasers, due to their small size, large gain per unit length, 
wide gain spectrum and emission wavelength flexibility. It plays a key role in the 
emerging field of optoelectronics, such as optical sensor, optical communication and 
optical disc system, etc. However, the conventional semiconductor lasers cannot achieve 
fundamental spectral purity similar to gas and solid-state lasers due to intrinsic linewidth 
broadening stemming from significant coupling between the real and imaginary parts of 
the susceptibility [145]. In 1982, Henry described this coupling by a ratio of their 
derivatives with respect to the carrier density, this ratio is commonly referred as the 
linewidth enhancement factor (also called   factor). It is defined as 
( / ) / ( / )R In N n N      , where ,  RN n  and In  are, respectively, the carrier density, 
the real and imagery part of the refractive index [146]. The   factor is regarded as a 
fundamental descriptive parameter of the LD, not only for its crucial role in spectral 
characteristics, but also for its dynamical response to the optical injection and feedback. 
As demonstrated in Chapter 2 and Chapter 3,   factor could impact the sensing 
sensitivity and system operating state in the dual-cavity OFI system. Therefore, an 
accurate value of the   factor is vital for behaviour analysis of an LD and designing its 
application systems. In this chapter, a new method for measuring   is presented by using 





Various techniques have been explored for measuring the   factor. These techniques can 
be mainly classified [147, 148] as follow:  
1. Direct linewidth measurement. In this technique, it was further divided into 
another three categories, (1). Linewidth above and below threshold. The   factor 
was derivate from the ratio between the laser linewidth value below threshold and 
the value above threshold. 5.0 0.4   was reported in [149] for using this 
method. (2). Linewidth above threshold. The   factor can be directly computed 
from the linewidth above threshold formula, under the assumption that all other 
laser parameters are known. Based on this method   ranging between 3.5 and 5 
are reported in [150-152]. (3). Linewidth below threshold was first proposed in 
[153], it employs the changes in linewidth versus centre frequency shift measured 
at below threshold. 5.0 0.4    was reported for using this method. 
 
2. Current modulation. It is based on modulation of the bias current utilise the fact 
that, due to 0  , amplitude modulation (AM) is accompanied by frequency 
modulation (FM). E.g. Chattopadhyay et al. [154] proposed a method of 
measuring   factor through narrowband optical FM generation in direct 
modulation of a Fabry–Perot laser diode, where the modulating signal is fed 
through a thermoelectric current and temperature controller. The   factor is 
estimated by detecting the sinusoidal modulated light wave in a photodiode and 
measuring the amplitude of the detected sinusoidal signal. It is found the   factor 






3. Optical injection locking. In [155], it introduced a method which utilises the 
behaviour of a distributed feedback laser diode at very weak levels of optical 
injection, where the locking range is symmetrical with respect to the master-slave 
frequency detuning. The   factor is deduced from the measurement of the 
maximum and minimum voltage excursions in the symmetrical locking range. In 
[156], a slightly different scheme was proposed. The  factor is calculated through 
the measurement of the maximum and minimum power excursion. However both 
schemes were criticised for unreliability due to the interference of the uncoupled 
light from the master laser or high current level caused noised. Other injection 
locking based method such as [74] measures   factor using Hopf bifurcation.   
values around 4.4 0.9  and 3.2 0.3  were reported. In [157] frequency-
modulated optical injection was use to prove the method can measure small   
value and gives 0.28 0.04   . 
 
4. Optical feedback interferometry (OFI) technique. The OFI technique is based on 
the optical feedback effect that occurs when a small fraction of light emitted by 
the SL reflected by the moving target re-enters the SL cavity, leading to both 
modulated amplitude and frequency of the LD power. The modulated LD optical 
power is known as the optical feedback signal which carries the information 
associated with the LDs’ parameters [80, 81].  
 
Among all these techniques, OFI technique is an emerging and promising method 
reflecting a minimum part-count scheme, which provides an ease of implementation and 




measurement of   factor. In 2004, Yu et al. [76] proposed a method to measure   factor 
by using the hysteresis of OFI signal when the external target has a reciprocating 
movement. However, this method needs the OFI system being in moderate feedback 
regime and OFI signals have zero-crossing points, i.e. the optical feedback level in the 
range of 1<C<3. The required condition on the feedback level may not be met in some 
practical applications. Although an attenuator can be used to adjust the optical feedback 
to the measurement range with 1<C<3, this may lead to a larger measurement error as   
factor is influenced by optical feedback level [79]. Then several other OFI-based methods 
were developed [49, 77-79, 158] for covering different C level, e.g. the methods in [77, 
158] are for 0<C<1 and methods in [78, 79] for 1<C<4.6. The method in [80], investigated 
the relationship between the light phase and power from the L-K equations, it was found 
that the   can be simply measured from the power value overlapped by two LDs’ output 
power under two different optical feedback levels. The simulations show,  value ranging 
from 0.1 to 8.0 can be obtained, with errors between 3.8% to 7.8%. These methods for 
retrieving   are based on commonly accepted OFI waveform model followed by data 
processing applied on the waveform, e.g. phase unwrapping in [49, 79], and data-to-
model fitting algorithms in [77, 78, 158]. However, the reported hysteresis and it resulted 
sawtooth-like OFI waveform is on the case with 1   [79, 99, 159]. For 1  , the 
hysteresis in an OFI waveform does not follow the switching law reported in [99, 159]. 
Thus, the existing algorithms developed for   will be not applicable.  
 Measurement Theory 
Recently, high sensing sensitivity by using the relaxation oscillation (RO) frequency has 




by laser dynamics. The RO frequency (denoted as ROf ) of the LD can be obtained by 
linear stability analysis for the system described by L-K equations. With the conditions 
of / 1in   , an expression for ROf  can be derived from L-K equations given as below 
[133], 
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 is the RO frequency of a solitary LD (denoted by RO zerof  ). 
s  is the laser angular frequency in the steady state. It can be seen the RO frequency is 
determined by both LD associated parameters NG , 0N , s , p ,  and its operation related 
parameters J , , . In following, we derive the measurement formula of  . First, we re-
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Because p << , Eq.(4.4) can be simplified and re-arrange as, 
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  (4.5) 
For the case 0.01  , Eq.(4.5) can be approximated as following: 
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Neglecting second-order contribution, Eq.(4.6) becomes, 
 
2








     

 
    
 
  (4.7) 
Re-arranging Eq.(4.7), we get, 
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  (4.8) 
By setting up  cos 0, 1s    and  sin 0, 1s    in Eq.(4.8), the following four cases 
can be obtained,  
 
































  (4.10) 














  (4.11) 














  (4.12) 
In the following we presented three methods to calculate   value. 
4.1.1. Method 1 
Firstly, let’s set ROi ROi RO zerof f f     then Eq. (4.9)-(4.12) can be re-written as, 





    (4.13) 





    (4.14) 





    (4.15) 





    (4.16) 









      (4.17) 
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      (4.19) 
From Eq.(4.17)-(4.19), we can obtain, 
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By solving Eq.(4.20) and Eq.(4.21) simultaneously,   can be obtained. In this method, 
it is required to know the value of -RO zerof , 1ROf , 2ROf , 3ROf , 4ROf .  
4.1.2. Method 2 
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And   can be expressed as, 







     (4.28) 
In this method, it is required to know -RO zerof , 1ROf , 3ROf , 4ROf .  
4.1.3. Method 3 
For this method we only using Case 1 Eq.(4.9) and Case 3 Eq.(4.11). They can be re-
























  (4.30) 
Keeping the LD under same optical feedback  , Eq.(4.29) and Eq.(4.30) describe a linear 
relationship between the relative RO frequency difference and the external cavity length 










   (4.31) 
In this method, it only requires to know -RO zerof , 1ROf , 3ROf .  
 Simulation Test 
In this section we verify the three proposed methods by simulations. We need to obtain 
-RO zerof  and the RO frequencies respectively at the four cases. All the RO related 
frequencies can be gained from the transient oscillation waveform of laser intensity 
through solving L-K equations. The simulations are divided into two parts, the first 
simulation is used for method 1 and method 2. This is because the RO frequency can be 
obtained in one location for these two methods. The second simulation is used for method 
3 only, it requires RO frequency obtain at different locations. A comparison table will be 
presented in this section to compare the performance of each method. In both simulations, 
the settings for system parameters are initial external cavity length 0 0.16L m , the 
injection current ratio is 1.5 thJ J , feedback strength =0.00003 , 3   and LD 
wavelength is 0 780nm  .  
 
The procedures of the simulation test for method 1 and 2 are summarized as below: 
1. Set the target in a linearly movement shown in Fig. 4.1(a) with a displacement of 
00.8 . Correspondingly, we can use the OFI model Eq.(1.15) and Eq.(1.21) to 
plot an OFI signal shown in Fig. 4.1(b), and Fig. 4.1(c) on which we can locate 




2. Set the external cavity to the location of the four cases, the external cavity length 
can be expressed as 0 _nCaseL L L   , where _nCaseL  is the target’s location in each 
case. Then generates the corresponding laser intensity ( )I t  by numerically 
solving the L-K equations. Fig. 4.2 shows the laser transient waveform for Case 
1. From which, the corresponding RO frequencies can be obtained. 
 
Fig. 4.1: OFI signal 0 0.16L m , =0.00003 , 1.5 thJ J  and 3  . (a): Target displacement. (b): 
cos( )s   waveform. (c): sin( )s   waveform. 
 




The procedures of the simulation test for method 3 is summarized as below: 
1. Starting from 0 0.16L m , increase the cavity length and set it with 6 different 
locations. 
2. Similar to Step 2 in the simulation for method 1 and 2. At each location, apply a 
linearly movement on the target shown in Fig. 4.1(a), with a displacement of 
00.8 . Correspondingly, use the OFI model to plot an OFI signal on which we 
can locate the accurate locations for Case 1 and Case 2. 
3. Set the external cavity to the location of Case 1 and Case 2, the corresponding 
laser intensity ( )I t  can be generated through numerically solving the L-K 
equations.  
4. Repeat Step 2 and 3 for the 6 different locations, we get six RO frequencies for 
each case, denoted by 1_RO if  and 2 _RO if , i=1,2,..6. The relationship between the 
relative RO frequency ( ( ) /ROi RO zero RO zerof f f  ) and the cavity length L for the 
two cases are shown in Fig. 4.3. Note that the gradient can be determined by only 
2 points. In order to reduce the measured error, we prefer to use more than 2 
points, e.g. 6 points to do line fitting to get the gradients at each case. From the 





Fig. 4.3: Relationship between the relative RO frequency and the external cavity length L. 
Under the same system settings, we change the pre-set value of   from 0.5 to 5 and 
measure them using the three methods. The relative error is used to measure the 
performance of each method, that is calculated by ˆ /    , where   is the pre-set true 
value and ̂  is calculated using the proposed methods. Table 4-1 to Table 4-6 show the 
simulation results. In each table, it lists the RO frequencies under each case, the measured 
  value and the error in percentage. The results show that method 1 tends to perform well 
when the   value is small, the average error in method 1 for measuring    value between 
0.5 to 2 is about 3.50%. Method 2 and 3 tend to perform well for LD with larger   value. 
The average error in method 2 for measuring   value between 3 to 5 is about 1.68% and 
the average error in method 3 is about 0.86%. The overall error for method 1 is 3.22%, 
method 2 is 4.25% and method 3 is 3.85%. This results can be compared to the method 
presented in [80], the error for   value range 0.5~6 is between 5.1% to 7.1%. Therefore, 
















Table 4-1: Simulation results for testing the three methods when 0.5  . 
- 2.9664RO zerof  , 1 2.9640ROf  , 2 2.9688ROf  , 3 2.9619ROf  , 4 2.9712ROf   
 Measured   Error 
Method 1 0.5176 3.52% 
Method 2 0.5489 9.78% 
Method 3 0.5203 3.80% 
Table 4-2: Simulation results for testing the three methods when 1.0  . 
- 2.9664RO zerof  , 1 2.6160ROf  , 2 2.9712ROf  , 3 2.9619ROf  , 4 2.9712ROf   
 Measured   Error 
Method 1 1.0324 3.24% 
Method 2 1.0644 6.44% 
Method 3 1.0109 0.60% 
Table 4-3: Simulation results for testing the three methods when 2.0  . 
- 2.9664RO zerof  , 1 2.9570ROf  , 2 2.9761ROf  , 3 2.9620ROf  , 4 2.9712ROf   
 Measured   Error 
Method 1 2.0759 3.79% 
Method 2 2.0844 4.22% 
Method 3 2.0400 1.90% 
Table 4-4: Simulation results for testing the three methods when 3.0  . 
- 2.9664RO zerof  , 1 2.9528ROf  , 2 2.9811ROf  , 3 2.9619ROf  , 4 2.9710ROf   
 Measured   Error 
Method 1 3.1012 3.37% 
Method 2 2.9939 0.20% 
Method 3 2.9400 1.90% 
Table 4-5: Simulation results for testing the three methods when 4.0  . 
- 2.9664RO zerof  , 1 2.9487ROf  , 2 2.9861ROf  , 3 2.9620ROf  , 4 2.9710ROf   
 Measured   Error 
Method 1 4.1352 3.38% 
Method 2 3.9444 1.39% 





Table 4-6: Simulation results for testing the three methods when 5.0  . 
- 2.9664RO zerof  , 1 2.945ROf  , 2 2.991ROf  , 3 2.962ROf  , 4 2.971ROf   
 Measured   Error 
Method 1 5.0996 1.99% 
Method 2 4.8274 3.45% 
Method 3 4.7500 5.00% 
 Experimental Verification 
To verify the proposed method, we further built an experimental system as depicted in 
Fig. 4.4. The LD in the experiment is a single mode laser diode (Sanyo, DL4140-001S) 
with a wavelength of 780nm and maximum output power of 25 mW, the LD is driven and 
temperature-stabilized by a LD controller (Thorlabs, ITC4001) at an injection current of 
35mA and the temperature of 23 0.002 C  . The light emitted by the LD is focused by a 
lens and then touch the piezoelectric transducer (PZT) (Thorlabs, PAS005). An attenuator 
is used to adjust the optical feedback strength. The PZT with a displacement resolution 
of 20nm, driven by a PZT controller (Thorlabs, MDT694), is used to continuously adjust 
the external optical phase to satisfy the requirements of Case 1 to Case 4. The PZT is 
assembled on a linear translation stage to change the external cavity at different locations. 
The photodiode (PD) packaged at the rear of the LD is connected to a detection circuit to 
record an OFI signal when varying the PZT. A beam splitter (BS) with a splitting ratio of 
50:50 is used to direct a part of light into the fast external photodetector (Thorlabs, 
PDA8GS) through a fiber port coupler. This fast PD with a bandwidth of 9.5GHz is 
suitable to capture the transient laser intensity. The OFI signal and transient laser intensity 
are finally captured and displayed in a fast oscilloscope (Tektronix DSA 70804) with a 





Fig. 4.4: Experimental setup. 
Following the simulation test procedure described in Section 4.2, we choose 6 different 
locations for the PZT target, with the external cavity length varying from 0.15m to 
0.155m. For each location, we adjust the external cavity length by linearly moving the 
PZT with ΔL in a few wavelengths through the control voltage applied on the PZT 
(denoted by VPZT). Note that in our experiment, each 0.1V of the VPZT corresponds to 
27nm travel length of the PZT. Fig. 4.5(a) shows the control signal applied on the PZT 
and Fig. 4.5(b) is the corresponding OFI signal. After signal processing on the raw 
experimental signals, we are able to determine the locations for Case 1 to Case 4. We then 
set the LD working under quasi-continuous wave (QCW) mode. Through using the 
method in [161], the transient laser intensity can be captured by using the external fast 
photodetector and oscilloscope. Fig. 4.6 shows one of the experimental signals for the 
transient laser intensity. We apply digital signal processing on the raw experimental signal 
and make the signal clearer. Then, the period of the transient laser intensity can be 





Fig. 4.5: Experimental results. (a) Control signal applied on PZT. (b) Corresponding OFI signal. 
















Fig. 4.6: Transient laser intensity under QCW mode. 
The experimental data and calculated result of   are presented in Table 4-7 and Table 
4-8. For method 1 and method 2, the RO frequencies of the four cases are recorded at the 
beginning of the experiment when 0.15L m . Using Eq.(4.20), Eq.(4.21) and Eq.(4.28), 
the   for method 1 is 3.14  , for method 2 is 2.76  . For method 3, the required two 




Table 4-7: Experimental results for method 1 and method 2. 
- 4.751RO zerof  , 1 4.631ROf  , 2 4.878ROf  , 3 4.697ROf  , 4 4.771ROf 
Method 1 3.14   
Method 2 2.76   
Table 4-8: Experimental results for method 3. 
L (cm) 15.0 15.1 15.2 15.3 15.4 15.5 
1 (GHz)ROf  4.631 4.645 4.659 4.669 4.687 4.701 
2  (GHz)ROf  4.697 4.702 4.708 4.709 4.717 4.725 
-  (GHz)RO zerof  4.751 
1 0.139S  , 2 0.053S  , 2.62  . 
 
Based on these values the relationship between ROf  and L for the two cases are shown in 
Fig. 4.7 with line fitting. Note, we use the relative RO frequencies difference as expressed 
in Eq.(4.29) and Eq.(4.30), where - 4.751 RO zerof GHz . The gradients 1S  and 2S  of the 
two lines are respectively 0.139 for case 1 and 0.053 for case 2. According to Eq.(4.31), 
we obtain that   factor for the LD used in our experiment is 2.62. We also measure   
factor under different laser operation condition, i.e. injection current 30mAJ  , 
25 0.01T C   , in this case we get 2.75  . Since there is no a commercial 
measurement device for  , thus we do not have a true value of   to justify our measured 
value. However, we can verify our results using the method in [76]. For the same LD, we 
applied the method presented in [76] with 35mAJ  , 23 0.01T C    and 0 0.15mL   
under moderate feedback regime, it gives 2.89   which is close to the result obtained 





Fig. 4.7: Fitting curves of the experimental results. 
 Summary 
The RO frequency of a laser can be modified by external optical feedback. Based on this 
fact, we investigated the relation between the RO frequency and   factor and presented 
three new methods for the measurement. We derived three measurement formulas 
showing that   can be determined by only using the RO frequencies, without needing to 
know any internal or external parameters associated with the laser. The proposed methods 
are verified by simulations. The results show the overall error for method 1 is 3.22%, 
method 2 is 4.25% and method 3 is 3.85%. This results show an improvement compare 
to the method presented in [80]. An experiment was built to measure the   in particle 
condition. Since there is no a commercial measurement device for  , we compare our 
value aginst the method in [76] for the same type of LD. This work has the advantages 
that it does not need the external target to have a symmetric reciprocate movement and it 




types of lasers, therefore, the proposed methods are not limited to semiconductor lasers. 






Chapter 5. Conclusion 
The lasers diodes (LD) experiencing external optical feedback are known to demonstrate 
complex dynamics, which unveil new and unexpected behavior. While the dynamics may 
give rise to negative effect on the LD performance, it also enables many applications. For 
example, a class of laser interferometry called optical feedback interferometry (OFI) can 
be implemented utilizing such external optical feedback effect in an LD. As a promising 
non-contact sensing technology, OFI has attracted extensive research in recent decades 
due to its merits of minimum part-count scheme, low cost in implementation and ease in 
optical alignment. Various OFI-based sensing applications have been reported, including 
measurement of displacement, velocity, vibration, laser related parameters, thickness, 
mechanical resonance, etc. Recently, OFI based sensing has been extended for imaging, 
material parameter measurement, near-field microscopy, chaotic radar, acoustic 
detection, biomedical applications etc. 
 
The thesis presented a set of novel work with the aim to improve the performance and/or 
to broaden the application areas of OFI, by investigating the rich dynamics of LD under 
various level of optical back and selections of system parameters associated with the 
OFIs. The contributions of this thesis are summarized as below: 
1. The dual-cavity OFI system was proposed and investigated to improve the 
performance of OFI. In contrast to the conventional single-cavity OFI system, a 
second cavity is added to control the operation of the LD, while the target to be 
measured (i.e., the first cavity) remains unchanged. In a similar way for working 




steady state solutions of the dual-cavity LK equations. A mathematic expression 
was obtained to describe the enhancement of the sensing signal, which also 
elaborates the way to enhance the signal by controlling the feedback strength and 
the length of the second cavity. Computer simulations were also conducted and 
the results shows that the OFI signals from the dual-cavity OFI are identical in 
their waveform to the signals from the single-cavity OFI systems when they are 
normalized into the same range. The results also show that the signal can be 
enhanced with the increase in the feedback strength of the second target. However 
such relationship does not exist for the second cavity length. Also, it was found 
that the second cavity length needs to be adjusted with care for the system to 
achieve maximal OFI signal enhancement. The experiment results show that, with 
the adjustment of the feedback strength of the second target and its cavity length, 
the dual-cavity OFI can achieve 2-5 times sensitivity improvement compare to the 
single-cavity OFI. Therefore, the proposed dual-cavity OFI system addressed the 
issue that a single cavity OFI system degrades its sensitivity due to the weak 
optical feedback associated with the target. In other words, the dual cavity OFI 
provides a novel structure for OFI based sensors, which are advantageous by 
strong sensing signals. This not only leads to significant improvement in the 
sensing performance, but also broaden the applications of OFI systems.  
Publication: [J2], [C3] 
 
2. The OFI model and their applications are based on an assumption that the system 
operates in stable state. With the changes of the system parameters, the system 




dynamics. In this case, the OFI model will not be able to correctly describe the 
signal anymore. We investigated the validity of both LK equations and the OFI 
model. In the study, we presented a bifurcation diagram that consists both 
dynamic states and optical feedback regimes. Base on such bifurcation diagram, 
we further classified the operation of a LD into five regions: 
a. In Region I, the LD is in steady state and with weak feedback.  
b. Region II refers to the case that the LD is in steady state and with moderate 
feedback.  
c. In Region III:  LD is in P1 state and with moderate feedback.  
d. Region IV: LD is in P1 state and with strong feedback.  
e. Region V: LD is in qusi-periodic or chaos state and with strong feedback. 
The above classification allows us to clearly identify how the states and regimes 
are corresponded. We performed three group of simulations in each of the five 
regions. The first two groups compared the waveforms generated using OFI model 
and LK equations. The results show both models are only valid in Region I and 
Region II. When the optical feedback is high, the two models give very different 
waveforms. The third group simulation shows when a low-pass filter was applied 
on the waveforms that is obtained using LK equations, they will be same as the 
one generated by OFI model. The third simulation reflected a practical condition, 
where the observed waveforms under the high optical feedback may have been 
filtered due to the limited bandwidth of the internal PD. An experiment was 
conducted by observing the waveforms through the inbuilt PD and external PD. 
The results show a good agreement with the third simulation. The study of the 




appropriate models when designing OFI based sensing system. 
Publication: [C10] 
 
3. Based on the work above, we present a new sensing scheme that makes use of 
laser dynamics in dual-cavity OFI system. The second cavity is used to control 
the laser dynamics and ensure the LD operates at P1. The laser intensity in the P1 
state exhibits an oscillation with its amplitude modulated by an OFI signal 
(generated with a single cavity and LD operating at steady state). It is observed 
that the modulation depth is remarkably larger than the magnitude of the OFI 
signal. By adjusting the feedback strength, the system can be set at a most optimal 
working point for sensing and measurement and it does need the requirement of 
an accurate adjustment of control cavity length. The results show the sensitivity 
can be improved up to 268 time in theory (based on simulations) and 50 time 
improvement in the experimental observation.  
Publication: [J1], [J5], [J4], [C2], [C4], [C8], [C9] 
 
4. A new approach for fringe sub-division using the characteristic of the dual-cavity 
OFI signal in P1 state was proposed. It utilized the high frequency in the laser 
intensity signal and through signal processing technique in the time-domain to 
achieve a sub-nanometre scale displacement sensing. The simulation results show 
the displacement resolution can reach up to 0.003 nm for an LD with 780nm 
wavelength. The experimental results show the system can reach 0.006 nm for an 
LD with 830nm wavelength. It is expected the resolution could be further 




OFI system.  
Publication: [C1] 
 
5. Finally, we studied the   factor measurement by making use of the RO frequency 
of a laser. Based on investigations on the relationship between the RO frequency 
and   factor, we presented three new methods for the measurement. We derived 
three measurement formulas showing that   can be determined by only using the 
RO frequencies, without needing to know any internal or external parameters 
associated with the laser. The proposed methods are verified by simulations and 
the results are consistent over the three methods, that is, overall error is 3.22% for 
method 1, 4.25% for method 2 and 3.85% for method 3. This work has the 
advantages that it does not need the external target to have a symmetric reciprocate 
movement and it does not rely on analysis the OFI waveform. In addition, the RO 
can be observed in many types of lasers, therefore, the proposed methods are not 
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